Introduction
Fossil-fuel consumption subsidies have been an enduring energy and public policy intervention. 1 In 2014, according to International Energy Agency (IEA) estimates (IEA, 2015) , they amounted to $493 billion worldwide, which is equivalent to 0.6% of global GDP (World Bank, 2017) . Their contribution is even more significant for most energy exporting countries, in many cases exceeding 5-15% of national GDP (IEA, 2015) .
Despite their large magnitude, fossil-fuel consumption subsidies are not generally explicitly represented in most global economic databases and models, including the Global Trade Analysis Project (GTAP) Data Base (Aguiar et al., 2016) . 2 The main reason behind such under-representation is that these subsidies are usually associated with domestic underpricing of energy commodities relative to international prices and/or cross-subsidization between different types of users. Therefore, they do not involve direct budgetary transfers and are not captured by input-output (IO) tables or national accounts. In the GTAP 9 Data Base with a 2011 benchmark year (Aguiar et al., 2016) an aggregation of all cases when tax-paid prices faced by energy users are lower than market prices for energy commodities, amounts to only $22 billion, which is less than 5% of the corresponding IEA estimate.
Numerous studies have provided an assessment of energy subsidy reforms both on national and global levels, applying different approaches to the representation of subsidies in the model (for literature reviews see Ellis, 2010; Burniaux and Chateau, 2014; Coady et al., 2015) . Although energy subsidies are often explicitly included in databases used for single-country simulations (Alshehabi, 2011; Chepeliev, 2014) , most multi-region studies face the need to modify the initial database using additional assumptions and rebalancing techniques (Saunders and Schneider, 2000; OECD, 2009; Magné et al., 2014) . While largely under-represented in most global economic databases, fossil-fuel consumption subsidies play a crucial role in energy and environmental policies. Motivation for including energy subsidies in a general equilibrium context and the GTAP Data Base is based on a number of reasons.
First, notwithstanding the recent reduction in fossil-fuel prices, a growing number of initiatives in renewable energy development and energy market liberalization, fossil-fuel consumption subsidies remain on the top of international policy agendas. Inertia has been hard to overcome, with only several examples of successful elimination of fossil-fuel consumption subsidies in recent years (Sovacool, 2017) .
Second, inclusion of fossil-fuel subsidies in the general equilibrium context provides an additional instrument for energy and environmental policy simulations. This is particularly beneficial as, in several countries, the elimination of energy subsidies is more efficient (less costly) than greenhouse gas taxation in meeting emission reduction targets (OECD, 2012; Burniaux and Chateau, 2014; Magne et al., 2014) .
Third, including energy subsidies can influence simulation outcomes even if policies do not directly involve the elimination of subsidies. As long as subsidies impact relative prices in the general equilibrium context, policy simulations (e.g. CO2 taxation) would lead to different results for databases with and without explicit subsidies representation (OECD, 2012) .
Finally, integrating energy subsidies through the GTAP Data Base build procedure is preferable to post-construction inclusions of subsidies, e.g. through adjusting ad valorem taxes (Malcolm, 1998) , as it is a more consistent approach.
Therefore, the key purpose of this article is to document incorporation of pretax fossil-fuel consumption subsidies in the GTAP Data Base. This results in a special version of the GTAP 9.2 Data Base (GTAP 9.2es) with integrated energy subsidies. 3 An aggregated version of the GTAP-Power 9.2es Data Base is included in the supplementary files published with this article. GTAP 9 Data Base subscribers can obtain the fully disaggregated versions of the GTAP 9.2es and GTAP-Power 9.2es Data Bases upon request by contacting the authors.
The paper is organized as follows. Section 2 discusses the definition of energy subsidies and gives a brief overview of available global estimates. Section 3 describes the methodology developed to integrate pre-tax fossil-fuel consumption subsidies into the GTAP Data Base. Section 4 provides an overview of the GTAP Data Base with energy subsidies included and compares the GTAP 9.2es Data Base with the GTAP 9.2 Data Base. Section 5 discusses several environmental policy applications, either considering energy subsidies as a policy tool or exploring their indirect impact on simulation results. In Section 6, we discuss some limitations of the current procedure and potential steps to improve the GTAP energy module. 4 Section 7 concludes.
Energy subsidies: definitions and global estimates
In this section, we start with an overview of approaches to define energy subsidies. We further provide a summary of fossil-fuel subsidy estimates at the global level and justify the choice of data sources that we use in this study.
Energy subsidy definitions
The broad literature on energy subsidies provides various definitions and interpretations of energy subsidy as a policy instrument, ranging from direct budgetary transfers to non-internalized externalities with most definitions in between (Morgan, 2007; IEA, 1999; Kojima and Koplow, 2015) .
In this paper, we consider only energy subsidies that satisfy the following criteria:
• Are associated with fossil fuels. The article does not consider any renewable energy subsidies, such as subsidies to wind or solar electricity. Although their magnitude has significantly increased during recent years (IEA, 2016) , they are mostly associated with producers, which is not the focus of this paper.
• Levied on consumers. Only subsidies received by final or intermediate consumers are considered in this study. Any type of producer support (e.g. tax relief for coal production) are not incorporated to the GTAP Data Base under the discussed methodology.
• Influence (reduce) consumer prices relative to international prices (supply costs).
The current approach includes only subsidies that lower the consumer price of an energy commodity relative to a reference price. The reference price is equivalent to the international market price in case of traded energy commodities, such as petroleum products, or supply-cost, if the commodity is not traded, such as electricity. The next section discusses reference prices in more detail. Our methodology excludes the case of a subsidy that does not influence consumer prices (e.g. direct money transfers to households) or the case of a consumption price that is higher than the reference price. Externality costs associated with air pollution, climate change or road damage are not included in the reference price estimates.
• Are not associated with tax measures. We do not consider subsidies that result from under taxation (tax-related subsidies), e.g. application of a reduced value-added tax (VAT) rate in the electricity industry.
There are several motivations behind the choice of these criteria. First, our focus on pre-tax consumer energy subsidies is motivated by the fact that some (or even most) producer and tax-related consumer subsidies are already included in the GTAP Data Base and their further treatment may result in double counting. For instance, if a lower production tax or VAT is applied to the coal sector relative to other sectors, it is captured by the relevant IO table. The same reasoning applies to cost-covering and capital expenditure producer support, which are included in production taxes in IO tables. 5 Although not included in this study, such subsidy types (forms of support) can be beneficial in improving the GTAP Data Base and overwriting the initial data, as currently implemented in the GTAP 9 Data Base (Aguiar et al., 2016) . Data on fossil-fuel budgetary support and tax expenditures is consistently reported by the Organisation for Economic Co-operation and Development (OECD) (OECD, 2017) . Including such data in the GTAP Data Base is beyond the scope of this paper, but may be a valuable addition for future extensions.
Second, the motivation to exclude renewable energy subsidies in the current contribution is twofold: a) we do not have enough data for their consistent representation by regions and sectors; and b) we lack subsidy-related sectors (e.g. biofuels, wind and solar power generation) in the standard GTAP Data Base.
Third, while there is some economic reasoning behind the treatment of inefficient taxation as hidden subsidization (Barany and Grigonyte, 2015; Coady, 2015) , there is much uncertainty associated with the scale of inefficient taxation of fossil fuels, mostly due to externality cost estimates (Nordhaus, 2014; Biasque, 2010) . Therefore, in the current contribution we do not go beyond international market prices or supply-costs in defining the reference price.
Finally, as any measure that do not impact prices (such as direct money transfers) may already be included in the GTAP Data Base, we focus only on those cases that influence consumer prices by reducing their level below the reference price.
Global subsidy estimates and database choice
While there are many discussions around the definition and quantitative assessment of fossil-fuel subsidies, several international agencies consistently monitor their magnitudes on a global level. Estimates usually cover various types of support and vary in regional, commodity and consumer coverage. In addition, they are based on different subsidy definitions. In particular, subsidy estimates of the OECD include income transfers and tax expenditures whether or not they affect commodity prices (OECD, 2015) . They also include both consumers and producers. However, the OECD approach does not include subsidy measures that involve price regulation (e.g. a price cap on electricity for rural households) or cross subsidization (price differentiation for different types of consumers).
A broader concept is used by the IEA, as it includes market price support, under collected resource rents and taxes, but at the same time excludes any support that does not influence prices (IEA, 2017) . The IEA uses a price-gap approach to estimate fossil-fuel subsidies and includes value-added taxes in the reference prices where the tax is levied on final energy sales, as a proxy for taxes on economic activities throughout the economy.
A similar approach for estimating energy subsidies is applied by the International Monetary Fund (IMF), although it does not include any taxes for supply cost estimates and thus accounts only for pre-tax fossil-fuel subsidies. It should be noted that the price-gap approach, applied by both the IEA and IMF, usually treats the international market price (if the commodity is traded) as a supply-cost. In some cases, this approach may underestimate subsidies if the actual domestic cost of energy commodity production is higher than the international market price and the government subsidizes this commodity to make it competitive with imports. 6 Table 1 provides a comparison of fossil-fuel subsidy estimates by the OECD, IEA and IMF.
While both the IMF and IEA apply similar approaches to fossil-fuel consumption subsidy estimates, the IMF data better suits our purposes. First, as IMF reports consumer prices, supply costs and energy volumes, the data enables a full replication of fossil-fuel subsidy estimates. 7 Furthermore, such data provide an opportunity for explicit use of energy commodity prices in the subsidies database construction process. Second, the IMF data covers more countries than the IEA data. In particular, for 2011 databases IMF reports 98 countries with nonzero fossil-fuel subsidies, while IEA reports 41. Additionally, although IEAreported countries cover over 95% of global fossil-fuel subsidies, IMF's higher coverage is important in terms of regional consistency in the representation of subsidies. Finally, in contrast to the IEA estimates, the IMF-reported supply costs do not include taxes and thus make it easier to avoid double counting. 2006-2014 2007-2016 2003-2015 Source: OECD data is based on OECD (2015 OECD ( , 2017 . For OECD data, estimates are also available on a more disaggregated commodity level (up to eight petroleum products and seven coal types). IEA data is sourced from IEA (2015; . For IEA estimates, subsidies for oil include gasoline, diesel, kerosene, liquefied petroleum gas and heavy fuel oil (IEA (2015) reports energy subsides only for oil in aggregate). IMF data is described by Coady et al (2015) and IMF (2015) . For IMF data, not all 188 countries have full product level subsidy estimates available; Coady et al (2015) also report post-tax and producer subsidies, but they are not discussed here. Comparison template is sourced from IISD (2014). Most common time spans are reported; data quality and availability by years may vary.
Note: * CSE -consumer support estimate; PSE -producer support estimate; GSSE -general services support estimate; PGA -price-gap approach.
Therefore, in this paper we use the IMF 2011 fossil-fuel consumer subsidy estimates. We may consider alternative data sources in the future depending on their availability.
It should be noted that in case of both IMF and GTAP, energy volumes data is sourced from IEA (Coady et al., 2015; McDougall and Lee, 2006) . At the same time, the IMF energy subsidies database reports energy volumes for selected energy commodities, which are considered to be subsidized, while in case of GTAP, IEAsourced energy volumes undergo additional processing and balancing (McDougall and Lee, 2006) . As a result, both IMF and GTAP-reported energy volumes differ from IEA data. Figure 1 depicts the regional distribution of the total value of pre-tax fossil-fuel consumption subsidies estimated by IMF (Coady et al., 2015) that are included in the GTAP Data Base. The total value of fossil-fuel subsidies is highest in developing and energy exporting countries, in particular the Middle East and North Africa (MENA), with Iran being the largest subsidy provider with almost USD 74 billion. Source: Authors calculations based on IMF (2015) and using openheatmap.com.
Including energy subsidies in the GTAP Data Base
This section describes the general methodology and data processing steps used to integrate pre-tax fossil-fuel consumption subsidies into the GTAP Data Base. We start with an overview of the approach and then discuss the data and program related details.
General methodology
We include fossil-fuel consumption subsidies in the GTAP Data Base by subtracting subsidy rates, which are estimated as a ratio of IMF-sourced subsidy values (in USD) and GTAP-based energy consumption (in tons of oil equivalent, toe) from GTAP energy commodity taxes (USD per toe). In this approach, supply cost (the tax-inclusive price paid by energy users) is unchanged, as the impacts of fossil-fuel consumption subsidies are already included in the observed equilibrium, even though they are not explicitly represented. 8 This concept can be illustrated using a supply-demand diagram ( Figure 2 ). All prices, tax and subsidy rates are measured in USD per toe, unless otherwise noted. To refer to the taxes and subsidies in the percentage terms we use the term "ad valorem".
For ease of explanation, assume that we are dealing with a natural gas exporter, with prices for domestic natural gas consumers ( ) significantly lower than the export price ( 1 ). We cannot correctly identify this fact from the GTAP Data Base or underlying input-output table, as we do not directly observe the corresponding prices. Therefore, in the current example ( Figure 2 ) and standard version of the GTAP Data Base, we assume that domestic consumers pay price PD, which is not lower than market price 0 . 9 Thus, implying that the export price also equals 0 if no export taxes are applied.
As we can see from Figure 2a , the actual subsidy rate per unit of natural gas equals ( 0 − 1 ), but as long as there is some positive tax rate in the GTAP Data Base without included energy subsidies ( − 0 ) the net subsidy rate in the updated GTAP Data Base would equal ( − 1 ). 10 Our estimates of fossil-fuel subsidies measure energy commodity prices and taxes in USD per toe. To include fossil-fuel subsidies in the GTAP 9.2 Data Base, we subtract our estimates of fossil-fuel subsidy rates from the tax rates reported in the energy module component of the GTAP 9.2 Data Base build stream. After these changes, we run the new build stream and develop the GTAP 9.2es Data Base with included pre-tax fossil-fuel consumption subsidies. In the GTAP Data Base, all taxes and subsidies are reported as ad valorem equivalents (in percentage terms), 8 In terms of GTAPv6.2 model notation, tax-paid prices faced by energy users correspond to agent's prices faced by energy consumers (in our particular case -households). But as the new version of GTAP model (version 7) (Corong et al., 2017) moves away from agent's price notation and uses producer or supply (post-income tax) notation instead, we use a more general tax-paid prices terminology. 9 Assuming there are some positive taxes (e.g. VAT) and ignoring transportation and supply costs for simplification. If there are no natural gas consumption taxes, then = 0 . It can also be the case that the GTAP Data Base reports subsidies for natural gas ( < 0 ) and as a result of including subsidies, PM would be further increased. 10 We use expression "updated GTAP Data Base" to identify the GTAP Data Base after fossil-fuel subsidies are included. therefore during the build process, specific tax rates (in USD per toe) are converted to the ad valorem equivalents. Although it should be noted that the GTAP Data Base reports energy volumes (in million toe) and values (in million USD). Therefore users can estimate specific tax rates (in USD per toe) from available data. Inclusion of pre-tax fossil-fuel consumption subsidies involves updating ad valorem taxes on firms' domestic and import purchases ("tfd" and "tfm"), government domestic and import purchases taxes ("tgd" and "tgm"), as well as private domestic and import consumption taxes ("tpd" and "tpm"). 11 For the ad valorem taxes noted above, the GTAP 9.2es Data Base includes only updated values (i.e., values after fossil-fuel subsidies are included) and no new identifiers or variables are introduced to the GTAP 9.2es Data Base. To simulate changes in 11 To maintain balanced social accounting matrices, inclusion of pre-tax fossil-fuel consumption subsidies also impacts the values of other variables (apart from "tfd", "tgd", "tpd", "tfm", "tgm" and "tpm"). fossil-fuel subsidies in a model built on the GTAP 9.2es Data Base, users should shock the updated ad valorem taxes for "tfd", "tgd", "tpd", "tfm", "tgm" and "tpm". A simulation evaluating the elimination of pre-tax fossil-fuel subsidies would involve setting the relevant tax variables equal to their original values, reported in the GTAP 9.2 Data Base (generally not to "0"). 12 It should be noted that in the current contribution we do not provide information on the levels of the normal (unsubsidized) ad valorem taxes. In the example above, if the lower (relative to other commodities) VAT rate is applied to natural gas we do not indicate it in the GTAP Data Base with or without included fossil-fuel consumption subsidies.
Input data processing
In this subsection, we discuss data processing procedures in detail. All steps are applied for 2011 data, unless stated otherwise.
In the first step, we source supply costs, consumer prices and weighted energy consumption volumes from the IMF energy subsidies database (IMF, 2015) ( Figure  3 ). Data is available for 188 countries, 6 energy commodities (coal, electricity, natural gas, gasoline, diesel and kerosene) and 2 types of consumers (final and intermediate).
In the case of some energy commodities and consumers, the IMF database reports negative weighted consumption volumes. Particularly this is the case for intermediate coal consumption in Argentina, Brazil, Costa Rica, Dominican Republic, El Salvador, Guatemala, Jamaica, Mexico, Peru, Uruguay and Venezuela. Although, it should be noted, that aggregate intermediate and final consumption volumes are positive in all cases. Negative energy consumption volumes are set to "0" in our estimation procedure.
Energy commodities from the IMF database are mapped to four GTAP energy sectors -Petroleum, coal products ("p_c"), Coal ("coa"), Gas ("gas") and Electricity ("ely") (Appendix A). A one-to-one mapping between IMF and GTAP energy products is achieved only in the case of electricity, while for other commodities the corresponding GTAP commodities serve as supersets. For example, petroleum products in the IMF database (gasoline, kerosene and diesel) are mapped to the "p_c" sector in GTAP Data Base, which also includes other petroleum products (e.g. naphtha, heavy fuel oil, liquefied petroleum gas etc), coal products and nuclear fuel. Therefore, in most cases, per unit energy subsidy rates, measured in USD per toe, in the updated GTAP Data Base are lower than the corresponding values in the IMF database. An additional consequence of the many-to-one mapping is that, in the updated GTAP Data Base, fossil-fuel subsidies are applied to some (aggregated) unsubsidized products (or products with no information regarding their subsidization). In the second step, we provide harmonization between the IMF and GTAP data. In some cases, IMF energy consumption volumes are higher than GTAP energy consumption. 13 Potentially, this can lead to negative energy prices after application of updated subsidy rates. 14 As we want to achieve consistency between IMF pre-tax fossil-fuel subsidy estimates and GTAP energy consumption data, in such cases, we replace IMF-sourced energy consumption volumes with GTAPbased consumption volumes. To convert IMF-sourced energy quantities in liters, terajoules and terawatt-hours to toe, we use conversion factors provided in McDougall and Lee (2006) for all energy products except kerosene. For kerosene, IEA-based conversion factors are used (IEA, 2005) . 13 As noted above, in most cases the opposite inequality holds. 14 For example, assume that the IMF reports a reference/international market price of $600/toe and a price gap equal to $400/toe. Further assume that the IMF-reported energy consumption volume of the subsidized commodity is 10 toe and the GTAP-reported consumption volume is 5 toe. In such a case, the IMF-based subsidy value would be 400*10=$4000. At the same time, the GTAP energy consumption volume-based subsidy rate estimate is $800/toe (4000/5), which is higher than reference/international market price ($600/toe).
•Data: fossil-fuel supply costs, consumer prices and consumption volumes (IMF, 2015) : 188 countries, 6 energy commodities.
•Elimination of discrepancies, conversion to uniform units.
(1) Input data preprocessing
•Data: GTAP-based energy volumes, prices, IMF-based prices and energy volumes.
•Subsidy value estimates (USD) and mapping to GTAP regions.
(2) Subsidy estimates
•Data: GTAP-based energy volumes, IMF-based subsidy values.
•Coal, petroleum products, natural gas and electricity subsidy rate estimates (USD per toe), commodity tax rates and price updates.
(3) Update domestic energy prices and taxes
•Update selected tax rates in the GTAP 9.2 Data Base to include pre-tax fossil-fuel consumption subsidies. Run GTAP Data Base build stream.
(4) Augment the GTAP Data Base
In some cases, the IMF-based fossil-fuel subsidy rates can be higher than GTAPbased international market prices. If the import share is small, this does not become an issue, as an increase in the domestic price will result in a similar increase in the average market price. However, if imports are a large share of domestic consumption, an increase in the domestic price would not significantly influence the average market price, which can potentially lead to negative tax-paid price estimates after the deduction of subsidy rates from the updated market price. To eliminate such potential issues, we identify country/commodity cases with an energy import share over 50% of total consumption and subsidy rates higher than GTAP-based free on board (FOB) prices. For these cases, we rescale subsidy values treating the GTAP-based import price as a supply cost.
Finally, taking into account these two adjustments, we estimate fossil-fuel consumption subsidies values and map them to the 141 GTAP regions.
In the third step, fossil-fuel consumption subsidy values (VS, in USD) and GTAP-based energy consumption volumes (ED, in toe) are used to estimate subsidy rates (USD per toe). Subsidy rates are further used to update energy market prices and commodity tax rates. Updated market prices are derived by adding the subsidy rate to initial market prices: Figure 2 ). In the case of commodity tax rates, the subsidy rate is subtracted from the initial tax rate level. Thus, tax-paid prices faced by energy users for subsidized commodities are not changed by the inclusion of subsidies.
In the build stream used for the GTAP 9.2 Data Base, energy commodity tax rates are introduced either in the energy module (McDougall and Lee, 2006) , if they are available from external sources (e.g. the IEA), or adopted from IO tables, if this is the only available source, in a later stage of the FIT process (Aguiar et al., 2016) . 15 If introduced in the energy module, commodity tax rates are not overwritten by the FIT procedure. In our approach, we introduce subsidy rates within the energy module, combining them with energy commodity tax rates.
Finally, in the fourth step, updated energy market prices and commodity tax rates are introduced into the energy module component of the GTAP Data Base build stream. After running the new build stream, we derive a GTAP 9.2 Data Base that includes pre-tax fossil-fuel consumption subsidies, which we call GTAP 9.2es. The GTAP 9.2es Data Base has the same list of variables as the GTAP 9.2 Data Base, but variable values are changed. This is because after changes in energy commodity tax rates and prices (both in USD per toe) are made in the energy module, the GTAP Data Base is rebalanced. While inclusion of the fossil-fuel consumption subsidies to the GTAP Data Base corresponds to the changes in the ad valorem taxes ("tfd", "tgd", "tpd", "tfm", "tgm" and "tpm"), values of other variables, such as intermediate consumption, factor purchases, sectoral output, etc., are also updated. These changes are discussed in more detail in Section 4.2. Table 2 provides some country and commodity specific examples of fossil-fuel subsidies included in the energy module component of the GTAP Data Base build stream, focusing on the procedure that updates consumption tax rates for households. The first two examples in Table 2 (Ukraine and Bahrain) represent cases without the need to rescale IMF subsidy rates. In the case of natural gas in Ukraine, the energy module of the GTAP Data Base reports a commodity tax rate of 139.3 USD per toe. After subtraction of the IMF-based subsidy rate (107.9 USD per toe), the natural gas net tax rate is significantly lower, but still positive (31.4 USD per toe). Bahrain experiences a high subsidy rate for domestic consumers of petroleum products (almost 90% of the FOB price) and an initially low commodity tax rate is reported in the energy module of the GTAP Data Base (10.5 USD per toe), therefore the updated commodity tax rate is negative (-574 USD per toe), i.e. the updated rate is a subsidy.
In the case of 2011 fossil-fuel consumption subsidies, the electricity sector in Benin represents the only case where subsidy values are recalculated due to the differences between international and domestic market prices ( Table 2) . As a result, the IMF-sourced electricity subsidy rate (USD per toe) is reduced by almost 50%. Venezuela's electricity sector is a case where the IMF subsidy is rescaled due to differences in IMF and GTAP energy consumption volumes. As the IMFreported consumption volume is higher than that in the GTAP 9.2 Data Base, the initial subsidy rate is reduced by 3% (Table 2) . 
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Step 4. Update the energy commodity tax rate Subtract subsidy rate from the GTAP-sourced commodity tax [ (8)- (11) 
Overview of the GTAP 9.2es Data Base
This section provides an overview of the GTAP 9.2es Data Base, an extension of the GTAP 9.2 Data Base that has been augmented to include pre-tax fossil-fuel consumption subsidies. We explore the regional and sectoral distribution of energy subsidies, as well as changes in the commodity tax rates. After adjusting the relevant tax rates and prices to account for fossil-fuel consumption subsidies, as noted in the previous section, running the new GTAP Data Base build stream causes changes in other variables, so this section also compares the GTAP 9.2 and 9.2es Data Bases.
According to IMF estimates, pre-tax fossil-fuel consumption subsidies amounted to over $506 billion in 2011 (IMF, 2015) . After the data preprocessing described in Section 3, our reconciled value of global energy subsidies amounts to nearly $505 billion, or 99.7% of the initial IMF estimate. For convenience of presentation and publicly sharing the supplementary files, data is presented for aggregate regions. GTAP users with a license to the GTAP 9 Data Base can obtain the fully disaggregated versions of the GTAP 9.2es and GTAP-Power 9.2es Data Bases from the Centre for Global Trade Analysis upon request.
Fossil-fuel consumption subsidy rates
While almost 80% of global pre-tax fossil-fuel consumption subsidies (in value terms) are associated with net energy exporters, many energy importing middle and low income economies apply high subsidy rates (Figure 4 , Appendix C). 19 However, this is not the case for natural gas, where the highest subsidy rates are almost exclusively observed in energy exporters in the MENA, with only several exceptions for net energy importers (Appendix C, Figure C. 2). 20 Different patterns can be observed for petroleum products and electricity. Subsidy rates for these products are relatively high in net energy importing countries. This is especially the case for electricity subsidies in Sub-Saharan Africa, as almost all cases with subsidy rates over 1000 USD per toe occur in this region (Appendix C, Figure C .1). 19 We identify energy exporters by estimating the difference between a country's exports and imports aggregated over five GTAP energy commodities: coal (coa), oil (oil), gas (gas), petroleum products (p_c) and electricity (ely). 20 In particular, there are only three net energy importers with natural gas subsidy rates of 100 USD per toe or higher -Bangladesh, Ukraine and Pakistan. Thus, while in value terms most pre-tax fossil-fuel consumption subsidies are associated with energy producing countries, large changes in energy commodity ad valorem taxes in the updated GTAP Data Base are often introduced for developing energy-importing regions. In many cases, they represent government initiatives to support low-income households and ensure energy accessibility for all consumers. Region and commodity specific ad valorem subsidies are provided in Figure 5 . 
Comparison of GTAP 9.2 and 9.2es Data Bases
We further explore results of energy subsidies included in the GTAP Data Base by comparing energy commodity ad valorem taxes in versions 9.2 (which does not include fossil-fuel subsidies) and 9.2es (which does include subsidies). Sections 4.1 and 4.2 use country-specific data sourced from the energy module of the GTAP Data Base. This section compares ad valorem taxes in the GTAP 9.2es Data Base for 141 regions and three energy commodities (natural gas, petroleum products and electricity). 21 In Figure 6 , for each commodity, we report percentage-point changes in weighted-average energy commodity ad valorem taxes between version 9.2 and 9.2es of the GTAP Data Base (our estimate of energy subsidies) on the vertical axis, and net energy export intensity on the horizontal axis. 22 Figure 6 . Change in energy tax rates after incorporating fossil-fuel consumption subsidies to GTAP 9.2 Data Base.
Notes: Net energy export intensity calculated by aggregating across all energy commodities.
Source: Authors calculations.
In some cases, especially for electricity, the change in ad valorem taxes exceeds 50 percentage points, even for net energy importing countries. Nonetheless, changes in ad valorem subsidies are on average higher for net energy exporters (regions with positive net energy export intensities). The simple average change of fossil-fuel consumption ad valorem taxes for all regions equals 22.2 percentage points for natural gas, 18.4 percentage points for petroleum products and 29.7 percentage points for electricity. Appendix D (Tables D.1-D.4) provides aggregated Social Accounting Matrices (SAM) for GTAP 9.2 and 9.2es Data Bases for selected regional aggregations.
In terms of changes in the aggregate SAM values, including fossil-fuel consumption subsidies in the GTAP 9.2 Data Base significantly reduce sales tax values on energy commodities. At the same time, increases in the energy market prices after fossil-fuel consumption subsidies are included (in GTAP 9.2es Data Base) lead to the increase in the total energy output value (compared to the GTAP 9.2 Data Base) for both energy producing and other subsidizing regions (Appendix D). As might be expected, most changes in cost structures are associated with an increasing value of endowment and energy purchases by non-energy and energy activities.
GTAP 9.2es Data Base policy simulations
Including pre-tax fossil-fuel consumption subsidies in the GTAP Data Base can affect policy simulations in two ways. First, it introduces a new policy instrument that can be used to achieve energy, environmental or social targets. One of the benefits of this option is that in some cases the elimination of fossil-fuel subsidies is more efficient (less costly) than emissions taxation in meeting environmental targets (OECD, 2012; Burniaux and Chateau, 2014; Magne et al., 2014) . Second, inclusion of fossil-fuel consumption subsidies in the GTAP Data Base changes relative prices and optimal resource allocation patterns. Therefore, even if a policy simulation does not directly include changes in ad valorem energy subsidies, simulation results can still be influenced by the inclusion of such subsidies. In this section, we explore both cases using a policy experiment that includes achieving the Paris Agreement targets (UNFCCC, 2017).
The main purpose of this Section is to provide a numerical illustration and policy-based exploration of the GTAP 9.2es Data Base. In terms of policy simulations, our analysis complements existing literature on the global fossil-fuel subsidies reform (IEA, 1999; OECD, 2012; IMF, 2015; Burniaux and Chateau, 2014; Magne et al., 2014) . We extend existing studies by looking at subsidies reform in the context of Paris Agreement targets, as well as comparing numerical assessment of the environmental policies with and without the explicit representation of fossilfuel based consumption subsidies.
Policy experiment design
As of August 2017, 160 countries have ratified the Paris Agreement within the context of the United Nations Framework Convention on Climate Change (UNFCCC, 2017). Each country has defined its own emission reduction target, by providing nationally determined contributions (NDCs). Countries use different approaches, timeframes and benchmarks to define the reduction target, e.g. relative to a historical data, Business as Usual (BaU) scenario, in terms of GDP carbon intensity, etc. For the policy simulation, we harmonize all targets by converting them into CO2 emissions reduction relative to a BaU scenario.
In the first step, we source CO2 emissions reduction commitments by countries (UNFCCC, 2017). Almost half of the revised contributions are provided relative to the BaU path, either explicitly (e.g. reduction of CO2 emissions by 10% relative to BaU) or implicitly (e.g. reduction in GDP carbon intensity). 23 In the second step, we represent all commitments as a CO2 emissions reduction relative to the BaU scenario. Baseline CO2 emissions and GDP growth rates are sourced from the International Energy Outlook (EIA, 2016) and complemented with data from Cline (2011) . In most cases, the BaU scenario starts in 2015 and runs through the NDC target year, normally 2030. 24 We estimate CO2 emissions reduction targets for countries that account for 88% of global CO2 emissions. Finally, we map estimated reduction targets to aggregate regions (Appendix B), by using 2011 CO2 emission weights from the GTAP 9.2 Data Base. In the case of India, CO2 emissions reduction target equals "0", as according to the sources we use to calculate emission reduction targets. India's NDC does not require reduction in emissions relative to the BaU scenario (Figure 7) . To estimate the impacts of NDC emissions reduction targets we use the GTAP-E-Power model (Peters, 2016b) that is an extension of the static computable general equilibrium GTAP-E model (Burniaux and Truong, 2002; McDougall and Golub, 2007) . Both these models are based on the standard GTAP model that is documented in Hertel (1997) . 25 The GTAP-E-Power model disaggregates the electricity sector of the GTAP-E model into 12 sub sectors-providing details on 11 generation activities, including renewables, and a separate transport and distribution activity. Correspondingly, the GTAP-Power Data Base (Peters, 2016a) has 68 activities. For our policy simulations, we have mapped the 121 countries and 20 composite regions to 14 aggregate regions (Appendix B) and the 68 activities to 20 (Appendix E). 26 24 Some countries provide contributions with a different timeframe. For example, the U.S. uses 2025, while Iraq considers a BaU scenario till 2035. 25 For the latest version of the Standard GTAP model (version 7), see Corong et al. (2017) . 26 The GTAP-Power Data Base is developed as a post-processing disaggregation of the standard GTAP Data Base, therefore we first include fossil-fuel subsidies to the GTAP 9.2 Two policy options are considered. They include a) achieving the NDC targets using only emission taxes; and b) combining the elimination of energy subsidies with emission taxes. We compare results for GTAP Data Bases with and without included pre-tax fossil-fuel consumption subsidies with no international trade in emission permits.
To make our simulation results more consistent with mid-term timeframe and to allow for better substitution possibilities within and outer energy nest, we use higher substitution elasticity values compared to the benchmark GTAP-E-Power parameters. Updated elasticity values are adopted from Chepeliev and van der Mensbrugghe (2017).
Policy simulation results
We consider three policy scenarios assuming no international trading of emission permits. The first two scenarios apply CO2 taxes to achieve NDC targets using GTAP 9.2 Data Base with (in the first scenario) and without (in the second scenario) energy subsidies included. The third scenario includes the elimination of fossil-fuel subsidies -which we simulate by setting "tfd", "tgd", "tpd", "tfm", "tgm" and "tpm" (ad valorem purchase taxes) in the GTAP 9.2es Data Base equal to values in the GTAP 9.2 Data Base -and additional CO2 taxation (if necessary) to achieve NDC targets. 27 The first two scenarios have identical regional and global emission reductions, while the third scenario results in a higher reduction in global emissions, as in some regions the elimination of energy subsidies results in CO2 reductions that surpass NDC targets. 28 Without emissions trading, each region has to meet the NDC target using its own policy instruments. In this case, simulations using the GTAP 9.2es Data Base result in slightly higher CO2 taxes to reach the NDC targets than when the GTAP 9.2 Data Base is used. As the inclusion of energy subsidies reduces import purchases at tax-paid prices, it also indirectly affects (increases) the CO2 intensities of the imported energy products. When the CO2 intensity of imports is higher, energy users have fewer possibilities to substitute away domestic commodities when there is a CO2 tax. The CO2 intensity of imports is lower when energy subsidies are not explicitly represented as underlying energy volumes (and corresponding emissions) are associated with higher import values at tax-paid prices reported in the GTAP Data Base without included fossil-fuel consumption Data Base and then develop the corresponding GTAP-Power Data Base with energy subsidies included (GTAP-Power 9.2es Data Base). 27 The results for this scenario originally published in this paper contained an error. Original shocks corresponded to the partial (not full) elimination of the global fossil-fuel consumption subsidies. Revised results and supplementary files in the current paper. 28 Specifically, the reduction in global CO2 emissions is 10.5% in the first two scenarios and 12.8% in the third scenario (with the elimination of energy subsidies) (Appendix F). subsidies (GTAP 9.2) than in the updated GTAP Data Base (GTAP 9.2es). Therefore, a higher CO2 tax is needed to persuade energy users to substitute away from fossil fuels in the model using the GTAP 9.2es Data Base than the model built on the GTAP 9.2 Data Base. However, in most cases tax increases do not exceed 5% (Figure 8) .
Elimination of pre-tax fossil-fuel consumption subsidies significantly reduce the required CO2 taxes. Furthermore, in the case of heavily subsidized regions (e.g., Rest of South Asia (XSA), Energy producers in Europe and Central Asia (NEC), and Energy producers in Middle East and North Africa (NMN)), no additional emission taxes are needed, as the elimination of energy subsidies is sufficient to meet and surpass the NDC emissions reduction target (Appendix F). The inclusion of energy subsidies slightly reduces the welfare losses in the NDC policy experiment (Figure 9 ). This is because there are some large negative production taxes when energy subsidies are included and the carbon tax reduces the distortionary impacts of these taxes by reducing energy consumption. However, if the elimination of pre-tax fossil-fuel consumption subsidies is used as a policy instrument, then not only much lower CO2 taxes are required, but also global welfare losses are reduced by over 95%from $90 billion to $3 billion ( Figure  9 , secondary axis) under higher global CO2 emissions reduction. At the same time, even for regions that exceed their NDC targets after the elimination of energy subsidies (e.g. energy producers in MENA (NMN)), welfare costs per ton of CO2 emissions reduced are lower than in the first two scenarios. To compare our assessment with the existing literature on the reform of global fossil-fuel subsidies (IEA, 1999; OECD, 2012 , IMF, 2015 Burniaux and Chateau, 2014; Magne et al., 2014) , we also consider an additional policy simulation. In this scenario, fossil-fuel subsidies are eliminated without CO2 taxes. According to our results, the elimination of global fossil-fuel subsidies reduces global CO2 emissions by 4.2%. Our estimate is somewhat lower compared to other studies that predict global CO2 emissions to fall between 4.6% (IEA, 1999) and 10% (OECD, 2009; Burniaux and Chateau, 2014) , with some estimates in between (OECD, 2012; Magne et al., 2014) . A likely reason for such difference is that we use a static model and mid-term assessment timeframe, while most other studies provide a longterm assessment using dynamic models.
Discussion
This paper highlights the importance of including pre-tax fossil-fuel consumption subsidies in the GTAP Data Base and provides an important step forward in achieving this objective. Nonetheless, the approach raises some issues and is not without limitations:
1) The current methodology addresses only market prices and commodity tax rates, leaving energy export and import prices unchanged. In some cases, this may result in significant differences between international and domestic market prices. Following the usual definition of subsidies these prices should not diverge by much. Therefore, one of the potential improvements of the GTAP Data Base energy module should include an update of fossil-fuel export and import prices, as well as their harmonization with updated market prices after inclusion of the subsidies. 2) The current approach uses a single tax instrument to address both reference commodity taxes and the introduced subsidy rates. As a result, the GTAP Data Base with energy subsidies included does not include explicit representation of the subsidy rates as they are aggregated with commodity taxes by estimating the net fossil-fuel consumption tax rate. Thus, one future improvement could include the introduction of an additional tax instrument, which would directly represent the subsidy rates. 3) Due to data limitations, we assume uniform subsidy rates for intermediate and final users, as well as across activities. 29 There are some country/commodity cases that contradict this assumption, especially in the case of the electricity sector, but the publicly available global energy subsidy databases, including both the IEA (2015) and IMF (2015) data, do not contain enough information to represent such cases. 30 4) Finally, the approach used in this paper, could be challenged on methodological grounds. As described in Section 3, we take international energy market prices as a reference and introduce energy subsidy rates relative to their levels. Some could argue that the reference price should be based on the production cost, which may significantly differ from the international market price in the case of energy-abundant economies. The counter-argument is that such an approach would result in an economically inefficient resource allocation and hinder economic development in the long run (IEA, 2017).
We have not addressed the important issue of the high uncertainty around international energy market prices and its corresponding feedback into the uncertainty around fossil-fuel subsidy values, especially for non-traded country/commodity cases. Nonetheless, as far as we are concerned, high uncertainty around energy reference price estimates does not mean that fossil-fuel subsidies should be set to zero and it is not a valid reason for ignoring or misrepresenting them.
Conclusion
Though widely used as a policy tool and amounting to almost $500 billion worldwide, pre-tax fossil-fuel consumption subsidies are not explicitly represented in national accounts, input-output tables or global economic databases. In this paper, we contribute towards the inclusion of pre-tax fossil-fuel consumption subsidies to the GTAP 9.2 Data Base, which covers 141 regions and 57 sectors. We do it in a straightforward manner by updating fossil-fuel commodity tax rates and market prices for four energy products-coal, petroleum products, natural gas and electricity, leaving tax-paid prices faced by energy users unchanged.
Despite some limitations associated with our methodology, which are discussed in Section 6, the updated GTAP Data Base provides several benefits for energy and environmental policy simulations. In particular, it provides an additional, and potentially economically significant policy instrument. Our simulations suggest this additional policy instrument is more efficient (less costly) than greenhouse gas taxation in meeting emissions reduction targets. The GTAP Data Base with energy subsidies included also provides a more consistent representation of relative energy prices, which can influence simulation outcomes even if policies do not directly involve subsidies elimination. As our policy simulations show, explicit representation of energy subsidies in the GTAP Data Base requires higher emission taxes to meet regional NDC targets than when energy subsidies are not included and results in lower regional welfare losses. Source: Developed by authors using openheatmap.com.
